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ABSTRACT 
Current dentin bonding formulations depend on the infusion of low 
viscosity monomers into demineralized dentin to form the so-called "hybrid 
layer". It has been suggested that hybrid layer durability can be improved by 
adding filler particles to the monomers , but the requirement for low viscosity 
limits the filler volume fraction, and hence , mechanical properties. Furthermore , 
the inter-collagen fiber spacing ( <20 nm) limits both particle size and particle 
distribution. The purpose of this study is to simultaneously address these 
challenges by infusing the inter-collagen space with a mixture of organic 
monomers and inorganic precursors , which would react and nucleate filler 
particles in situ, after uniform infusion and distribution . 
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The objective of this study is to investigate the feasibility and identify the relevant 
parameters , which govern this in situ nucleation approach. 
Organic monomers were mixed with silica precursor TMOS (tetramethyl 
orthosilicates ), methanol , and water . The formation of silica bond during the 
reaction was verified and confirmed both by scanning electron microscop y 
(SEM) , and Fourier transform infra-red spectroscopy. The relative influence of 
acid content, monomer reactivity , TMOS contents , and water: alcohol ratio on 
mechanical properties were evaluated by macrohardness and shear bond testing. 
Formation of resin tags were confirmed by SEM. Formation of nano particles 
(silica) was observed by EDX for TMOS modified monomers in comparison with 
non-modified monomers (P&B NT). 
No significant difference was found between the dentin shear bond strength of the 
experimental formulation ( addition of nanoparticles to P &B NT) and a 
commercially available nano-filled bonding system (P&B NT) (ANOVA, p> 
0.05). Conversely , while dentin pull-out failure was observed for specimens 
bonded with the commercial system (P&B NT). , composite failure was observed 
for specimens bonded with the experimental system (TMOS-modified 
monomers) . 
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INTRODUCTION 
A durable dentin bond will decrease coronal and apical leakage. Adhesion 
to dentin has been the subject of considerable interest over the last 30 years. 
Several materials have been introduced to achieve bonding to either the organic or 
inorganic components of dentin . Adhesion is required to oppose and withstand the 
contraction forces during polymerization and to ensure marginal integrity during 
functioning of the restored tooth. Based on the configuration , the bonded 
restoration can be challenged by stress exceeding the adhesive or cohesive 
strength. Recently , several new dentin-bonding agents were developed, which add 
new generation to the existing ones essentially affecting the intertubular dentin 
(Davidson et al 1993). 
Current dentin bonding formulations depend on the infusion of low viscosity 
monomers into demineralized dentin to form the so-called "hybrid layer." It has 
been suggested that hybrid layer durability can be improved by adding filler 
particles to the monomers , but the requirement for low viscosity limits the filler 
volume fraction -and hence- mechanical properties. Furthermore , the inter-
collagen fiber spacing ( <20 nm) limits both particle size and particle distribution. 
The purpose of this study was to simultaneously address these challenges by 
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infusing the inter-collagen space with a mixture of orgamc monomers and 
inorganic precursors -which would react and nucleate filler particles in situ - after 
uniform infusion and distribution. The underlying goal of this study is to 
investigate the feasibility and identify the relevant parameters , which govern this 
in situ nucleation approach. 
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LITERATURE REVIEW 
The adhesion of restorative materials to the hard components of tooth 
structure has been a goal pursued by many researchers ever since Buonocore 
established the foundation for adhesive and preventive dentistry. Based on the 
industrial use of phosphoric acid to obtain better adhesion of paints and resin 
coatings to metal surfaces, Buonocore proposed that phosphoric acid could be used 
to transform the surface of enamel to "render it more receptive to adhesion." 
Subsequent research indicated that the formation of taglike resin prolongations 
into the enamel microprosities was the leading bonding mechanism of resin to 
phosphoric acid-etched enamel. The enamel bonding agents of the 1960s and 
1970s progressively evolved by the early 1990s into complex multi-bottle or 
universal adhesives, which were designed to bond to enamel , dentin, composite , 
amalgam , porcelain , and nonprecious metal (Perdigao, 1999). 
Bonding to dentin represents a greater challenge than bonding to enamel, although 
a similar interlocking between resins and dentin has been hypothesized. Enamel is 
predominantly composed of hydroxyapatite (mineral) , but dentin contains a greater 
percentage of water and organic material , mainly type I collagen. Dentin is a wet 
tissue penetrated by a tubular lacework containing a prolongation of the 
odontoblast , which communicates with the pulp. Each tubule is filled with fluid 
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and is surrounded by a cuff of hypermineralized form of dentin , termed 
"peritubular " dentin. The less mineralized and more fibrous type of dentin 
between tubules is called "intertubular " dentin. The relative area of dentin 
occupied by tubules decreases as they diffuse from the pulp. The number of 
tubules decreases from about 45,000 per mm2 at the pulp to about 20,000 per mm2 
at the dentin-enamel junction (Garberoglio , Brannstrom , 1976). 
The current adhesives contain an acidic conditioner (phosphoric acid) that is rinsed 
off, and a solution of polymerizable hydrophobic or hydrophilic reactive 
monomers. This adhesive solution is applied on the etched substrate in either one 
or several coats to penetrate the dentin. The solvent -usually acetone or ethanol -
can displace water from the dentin surface and from the moist collagen filigree. 
The adhesive molecules are bifunctional , which means they have two different 
functional radicals. One of these radicals has affinity for the bonding surface and 
the other has affinity for the restorative composite resin placed over the adhesive 
(Erickson , 1992). On polymerization , the adhesive becomes micromechanically 
interlocked with the meshwork of collagen fibers unveiled by the acid etching. 
The outcome of the interlocking results in a mixed structure in which collagen 
fibers are enveloped by resin and residual hydroxyapatite crystals (Van Meerbeek 
et at, 1993). This arrangement was first described by Nakabiashi in Japan in 1982 
and named the "hybrid layer." 
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The major drawback for dentin adhesives is the possibility of gaps forming at the 
bonded interface , which results in microleakage (Perdigao, 1999). Although 
resistance to microleakage has improved in the newer generation adhesives, no 
dentin adhesive is able to provide hermetically sealed dentin/cementum margins 
(Perdigao , 1999). Enamel bond strengths ensure adequate retention for a variety 
of adhesive procedures , as well as preventing microleakage around enamel margin 
(Shaffer SE, 1987). In 1985 Asmussen et al showed in his study that insufficient 
adhesion strength could possibly result in the marginal infiltration of bacteria and 
their by-products , which may cause pulp injury, marginal discoloration , and 
recurrent caries. 
Van Meerbeek and Pashley in I 992 and 1993 presented that phosphoric acid 
removes the smear layer and opens up the entrance of the tubules in addition to 
demineralizing the dentin surface. They stated that dentin-etching results in a web 
of collagen fibers separated by micropores within the intertubular dentin. On 
application of the adhesive , this network of collagen fibers forms a reticular , 
interwined hybrid tissue composed of collagen, residual mineral particles , and 
adhesive resin in the hybrid layer. 
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It has been suggested that hybrid layer durability can be improved by adding filler 
particles to the monomers. In 1995 a study by Fanning reported that , when using 
new generation dentin bonding systems , the addition of filler particles to the 
adhesive resin resulted in a notable increase in dentin bond strength. Enhancement 
of the physical properties of the bonding agent is one way to improve bond 
strength. It has been reported that the physical properties of resin composite 
increase with an increase in filler content (Li et al., 1989). Consequently , an 
increase in the filler level of a bonding agent might increase its physical properties. 
Little has been reported regarding the correlation between the dentin bond strength 
and the filler level of bonding agent. 
Miyazaki M. in 1995, investigated the influence of adding filler particle to a 
bonding agent on dentin bond strength and of the temperature change during 
curing in order to determine the optimum filler level for an experimental bonding 
agent. He added microfiller (average size: 0.05 micrometers) content of 0, 10, 20, 
30, 40, 50, 60, and 70 wt% to experimental light cured bonding agent Imperva 
Bond/Lite- - (Shofu). Bovine incisors were mounted in self-cured resin , and the 
facial surfaces were prepared with 600-grit SiC paper. After dentin surface 
pretreatment with dentin primer , experimental bonding agents were applied to the 
dentin surface and bonded with resin composite. Ten samples per test group were 
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stored in 37 degree C water for 24 h, and then shear tested at 1.0 mm/min. In this 
study of dentin bond strengths , the highest bond strength was obtained with 10 
wt% filler level. The bond strength gradually decreased with increasing filler 
content. To achieve a good bond between resin composite and dentin, it is 
important for the bonding agent to penetrate into the dentin substrate. The more 
viscous and ticker bonding agents may contain internal voids which would 
diminish the bond strength. When Miyazaki looked at the failure mode , he 
suggested that the failure patterns of shear bond strength specimens depended on 
the filler level of bonding agents. The failure pattern for 0, 10, and 20 wt% filler 
showed cohesive failure within the dentin and resin composites in several cases. 
Above 30 wt% filler levels , most of the fractures were adhesive failure at the 
dentin surface. 
Even though knowing that hybrid layer durability can be improved by adding filler 
particles to the monomers , the requirement for low viscosity limits the filler 
volume fraction , and hence, mechanical properties . Furthermore , the inter-collagen 
fiber spacing ( <20 nm) limits both particle size and particle distribution. The 
objective of this study is to investigate the feasibility and identify the relevant 
parameters , which govern this in situ nucleation approach. 
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The thickness of hybrid the layer varies between 0.5-7 .5 µm depending on the kind 
of acid that was used to etch the dentin and also other factors. 
Before resin infusion in the hybrid layer the width of the collagen fibers are about 
100nm and the intercollagen fiber distance is 20nm. Since this is a critical 
interface , numerous strategies have been proposed to strengthen this hybrid layer. 
A new one-application nanofilled DBA , Prime & Bond NT (Densply De Trey , 
Konstanz , Germany) , recently has been developed.. The predecessor of this 
product is Prime & Bond 2.1. The manufacturer has added nanofiller (0.007 µm 
average particle size) , a cross-linking agent , and a small resin molecule to provide 
better infiltration into the tooth structure. 
Perdigao J. performed a study in 1999 to compare the enamel and dentin bond 
strength of these materials to analyze the dentin interfacial ultramorphology , using 
scanning and transmission electron microscopy (SEM and TEM) ; and to illustrate 
the clinical technique associated with the use of the new nanofilled one-coat 
adhesive system. The adhesives were applied to dentin specimens according to 
manufacturer ' s directions. The hybrid layer and resin penetration into dentin 
tubules were analyzed at an ultramorphologic level , and the observations were 
compared. The results for shear bond strength were higher when P & B NT was 
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used in both enamel and dentin samples compared to using unfilled P & B 2.1. 
Electron microscopy showed that both adhesives penetrated the dentin tubules and 
formed a fully infiltrated hybrid layer. The nanofiller included in the new one-
application adhesive penetrated the dentin tubules and infiltrated the microspaces 
between the collagen fibers within the hybrid layer. According to Perdigao the 
bond strengths obtained for P & B 2.1 were in agreement with the findings of other 
studies such as that done by MA Latta , 1997, and WW Barkmeier, 1997. For P & 
B NT, there are no published studies. The bond strength results of several research 
projects carried out in different laboratories with P & B NT are in the same range 
as the bond strengths obtained in the Perdigao study (Product Technical 
Information, Dentsply De Trey). P & B NT is filled with nanoparticles. The filler · 
is nanoscale silica ( Aerosil, Degussa Corp., Ridgefield Park, New Jersey) , which 
has been functionalized by a special silanization process. This process makes the 
nanofiller more compatible with the resin matrix and allows it to serve as a cross-
linker (Dentsply De Trey Technical Information). The filler load by volume is 
.unknown , since the manufacturer does not release quantitative data on the 
composition of their products. Filled adhesives are designed to provide stress 
relief between the tooth and restorative material (Van Meerbeek B, 1993). 
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Studies of earlier filled adhesives showed excellent marginal adaptation in vitro 
and excellent retention clinically (Fortin D, 1994). Thick , filled adhesives may not 
be able to penetrate interprismatic enamel areas as deeply as unfilled adhesive 
resins. Although P & B NT is a filled adhesive , it has a low viscosity because of 
its nanofiller composition , but in order to improve uniform distribution of the 
particles , strengthen the hybrid layer , and improve durability of the dentin bonding 
interface , In situ nucleation of nanoparticles , after monomer infiltration is 
important and is the hypothesis of this study . 
The sol-gel process , with its associated mild conditions , offers a new approach to 
the synthesis of composite materials with domain sizes approaching the molecular 
level. Transparent organic-inorganic composites can be prepared by dissolving 
preformed polymers into sol-gel precursor solutions , and then allowing the 
tetraalkyl orthosilicates to hydrol yze and condense to form SiO2 phases of 
different morphological structures. Alternatively , both the organic and inorganic 
phase can be simultaneously formed through the synchronous polymerization of 
the organic monomer and the sol-gel precursors (Novak et al., 1993). 
The elementary sol-gel process involves the hydrolysis and condensation of 
tetraalkyl orthosilicates in the presence of a cosolvent to form ramified three-
dimensional SiO2 networks as solvent swollen gels. The tetraalkyl orthosilicates , 
" 
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by far the reagents of choice used in this process , are either the methyl (TMOS) or 
the ethyl (TEOS) , with the latter being preferred for toxicological reasons. These 
silica particles are formed in-situ by swelling the elastomeric polymer with TEOS, 
and then allowing this inorganic precursor to hydrolyze and condense to form 
SiO2• Smaller, more uniform, and non-agglomerated particles are formed showing 
improved reinforcing properties over conventional silica (Novak et al., 1993). 
The approach taken is limited by, the nucleation chemistry and reaction 
temperature for dentin bonding. It is necessar y for the selected chemistry to occur 
fast enough at physiological temperature. There are five steps to this approach of 
infusion/in situ nucleation: 
1. Mix organic adhesive monomers + inorganic precursors 
2. Infuse mixture into demineralized dentin 
3. Hydrolysis 
(monomers) 
Si(OR)4 + Ir/OH-
" --Si - OH + HO- Si -Si - O- Si / / 
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4. Condensation and nucleation 
5. Free radical polymerization 
This approach has not been studied or attempted before with dental monomers , so 
the objectives for this project are first to determine the feasibility of nucleation 
reaction with dental adhesi ve monomers , and then , because so little is known 
about this process , determine the effect of compositional variables which will 
effect the kinetics of the chemical reaction. The compositional variables are such 
as: 
acid content 
monomer composition 
precursor content (TM OS) 
water /carrier ratio 
In this study by adding precursor (TMOS) to the control adhesive P & B NT we 
have changed the failure mode of the interface from dentin cohesive failure to 
composite cohesive failure which was observed only with experimental (in situ 
nucleation) adhesives. 
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It is widely accepted that a dentin shear bond test which pulls out dentin must 
mean that the adhesive strength is superior to the cohesive strength of the dentin. 
Using numerical modeling techniques, Van Noort et al. (1988,1989) and DeHoff et 
al. (1995) alerted the scientific community that there were massive stress 
concentrations in the familiar dentin bond test. It is not inconceivable that these 
localized high tensile stresses could initiate cracks, which diverge monolithically 
into dentin, leaving the interface unchallenged. 
Cohesive failure in dentin during shear bond tests is more frequently observed 
with the current generation of dentin bonding agents (Holtan et al., 1993; Olio and 
Austrheim , 1993; Chappell and Eick, 1994). It has been shown that the stress 
distribution in the dentin-adhesive interface is far from homogeneous (Van Noort 
et al., 1988, 1989; DeHoff et al., 1995). Therefore , not only a possible change in 
material properties but also the mechanics of the shear test set-up could initiate 
monolithic fracture in the dentin, leading to cohesive failure (Versluis et al., 1997). 
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OBJECTIVES 
1. Determine feasibility of nucleation rea,ction for incorporating nanoparticles 
into dental adhesive monomers 
2. Determine the addition of enucleated nano-particles on bond strength and 
mode of failure. 
3. Determine the effects of monomer composition , monomer viscosity and 
precursor content on bond strength. 
15 
HYPOTHESES 
In situ nucleation of nanoparticles , after monomer infiltration , will improve 
particle distribution , strengthen the hybrid layer, and improve quality of the dentin 
bonding interface 
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MATERIALS & METHODS 
Materials: 
The filled commercial adhesive Prime & Bond NT (P&BNT) (Dentsply, De Trey, 
Konstanz, Germany) was used in this study as a control adhesive. TMOS 
(tetramethyl orthosilicates) was chosen as a silica-forming inorganic precursor. 
Silica particles are formed in-situ by allowing the inorganic precursor TMOS to 
hydrolyze and condense to form SiO2• Smaller, more uniform, and non-
agglomerated particles are formed showing improved reinforcing properties over 
conventional silica (Novak et al., 1993). 
BisGMA (Bisphenol-A-glycidyl dimethacrylate) and TEGDMA (triethylene 
glycol dimethacrylate) were the organic monomers that were chosen and the 
primer used was MASA (N-methacryloyloxy 5-aminosalicylic acid) (Fujisawa S. 
1992). 
Additives were used as carrier, initiator and acceleratorals. 
ethanol/methanol = carrier 
camphorquinone = initiator 
2-(N,N-dimethylamino) ethylmethacrylate = acceleratorals 
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Methods: 
The following methods were used to achieve the objectives of this study ( each 
method is described separately in more detail following this list): 
1. Creation of nanoparticles (silica) and verification of the nanoparticles by SEM 
&EDX. 
SEM = Scanning Electron Microscopy 
EDX = Energy Disbursive X-ray analysis 
• EDX analysis of P&B NT to test: 
a) Existence of particles 
b) Nature of particles 
• EDX analysis also was done to test effect of TMOS (formation of particles) 
2. Analyzing the reaction kinetics by FTIR (Fourier transform infra-red 
spectroscopy) 
3. Dentin shear bond test and failure analysis by SEM and EDX 
4. Mechanical testing: test microindentation (Surface hardness) 
18 
1. Creation of nanoparticles (silica) in the new formulation 
• Creation of nanoparticles from the precursor (TMOS) 
• Observation of nanoparticles in P&B NT 
Formulations were developed with mixtures of organic monomers , inorganic 
precursors (TMOS) and carriers to evaluate particle creation during the in situ 
nucleation reactions. To verify the formation of nanoparticles (silica) during the 
reaction , SEM and EDX were used. 
The monomer in bottle 1 was prepared by mixing 30/70 wt% Bis-GMA /TEGDMA 
and adding 0.5wt% Camphorquinone (light activator) plus adding 0.5wt% 2-(N,N-
dimethylamino )ethyl methacrylate (accelerator) and left to be mixed uniformly 
with a magnetic stirrer bar place on a high viscosity mixer (ARROW 850, 
sec#25182J) while protected from light. To prepare the formulation , 3 small 
amber color bottles were used. The first bottle contained 1000µ1 of the 30/70 
monomer mixture , the second bottle , the precursor contained a mixture of 200µ1 
Tetramethylorthosilicate (TMOS) plus , 25µ1 of anhydrous methanol , and the third 
bottle was a mixture of carriers made by addingl0µl of water to 25µ1 anhydrous 
methanol and then adding 40µ1 Hydrochloric acid (HCl). Bottle 2 contents were 
added to the monomer and then bottle 3 was added to them. The mixture with a 
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magnetic stirrer bar was placed on the high viscosity mixer for 5 min. reaction 
time. A ten drop portion of the mixture was diluted in a centrifuge tube with 
acetone and placed in centrifuge. A second centrifuge tube containing water was 
used for balance. The centrifuge tubes were left to spin for 3 ½hrs on position 7 at 
3278rpm. The cloudy bottom layer of centrifuged solution was separated from the 
supernatant, was diluted again with acetone and placed back in the centrifuge to 
spin for 4 hrs at 3278rpm. Both layers of centrifuged solution were saved, and 
were used to prepare samples for SEM testing. An SEM stub with a cut in the 
middle, which divides the stub into two parts, was used. The surface of the stub 
was polished with an Ecomet 3 machine (Buehler) starting from a 70µ diamond 
disk and going down to 1 µ. A drop of the bottom layer of the centrifuged solution, 
which contains nanoparticles and acetone was placed on one side of the stub and 
was marked with letter 'x'. The other side of the stub was covered with a drop of 
the supernatant layer of the centrifuge solution containing resin and acetone. The 
stub was left to dry for 24 hrs in the desiccator. Samples were prepared, sputter 
coated (Au/Pd, Argon gas, for 60 seconds) and evaluated by SEM and then they 
were analyzed by EDX to look for silica peak formations. 
As a positive control, the filled commercial adhesive Prime and Bond NT was 
evaluated. In order to observe the nanoparticles of P&B NT, SEM was used and 
the size of nanoparticles were measured. 
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The SEM samples of P&B NT were made as follow: 
Ten drops of the filled commercial adhesive Prime and Bond NT(Densply Caulk) 
(P&B NT) were diluted in a centrifuge tube with acetone and placed in a 
centrifuge machine. 
The centrifuge tubes were then left to spin for 3 ½hrs at 3278rpm. The speed of 
the centrifuge machine was calibrated with a photo tachometer (model # 20904-
011). The cloudy bottom layer of the centrifuged P&B NT solution was separated 
from the supernatant and was again diluted with acetone and placed back in the 
centrifuge machine to spin for 4 hrs. at 3278 rpm. Both layers of centrifuged 
solution were saved, and were used to prepare samples for SEM testing. An SEM 
stub with a cut in the middle - which divides the stub into two parts - was used. 
The surface of the stub was polished with an Ecomet 3 machine (Buehler) starting 
from a 70µ diamond disk and going down to Iµ. A drop from the bottom layer of 
the centrifuged solution which contains nanoparticles and acetone was placed on 
one side of the stub and was marked with letter ' x. ' The other side of the stub was 
covered with a drop of the supernatant layer of the centrifuge solution containing 
resin and acetone. The stub was left to dry for 3 hrs. The stub was light cured for 
90 secs, then sputter coated (Au/Pd, Argon gas, for 60secs ) and observed under 
SEM machine and then EDX analysis was done to evaluate the existence of silica 
peaks. 
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2. Analyzing the reaction kinetics by FTIR verification (Fourier transform 
infra-red spectroscopy) 
FT-IR analysis has been carried out to document how fast the nucleation reaction 
occurs , and how long it takes for the reaction to be completed at room temperature. 
10µ1 TMOS (precursor) was added to 100µ1 P&B NT in a mixing dish without any 
catalyst. A few drops of that mixture were placed immediately on the FTIR 
machine using a micropipette. Spectra were obtained at 15 min. intervals (t=0, 
t=l 5, ....... t=60min). Up to 60 minutes the relative peak heights of the major 
peaks at their wave numbers were measured and the ratios were plotted. 
A spectrum of TMOS and pure P&B NT was also tested separately on the FTIR 
machine without any TMOS for comparison with P&B NT+ TMOS spectra. 
22 
3. Effect of mode of TMOS introduction on bond strength and failure mode 
After evaluating the formulations from various combinations of compositional 
variables, the most "promising" solution was tested in a dentin shear bond test, and 
the failure mode was evaluated. 
TMOS was introduced in 2 different ways, a) through the adhesive, b) through the 
primer. The primer was a salicylic acid called 5- MASA (N-methacryloyloxy 5-
aminosalicylic acid) or (SA primer). 
Four groups of samples were prepared with dentin blocks in order to perform shear 
bond tests and evaluate the failure mode of the composite and dentin with an 
Instron machine (n=5 per group). 
Group # 1: five dentin blocks were prepared with the commercial adhesive P&B 
NT alone, by etching the dentin with 34% phosphoric acid (Dentsply, De Trey) for 
15 sec, then rinsing the surface for 10 sec. The surface was blotted dry. Adhesive 
(P &B NT) was applied and left for 20 sec, air dried 5 seconds and light cured for 
10 sec. Finally ZlOO composite resin (3M Dental Products, St. Paul, MN, USA) 
cylinder of 5mm in diameter was created by placing the uncured composite in a 
Teflon mold positioned on top of the dentin and curing for 30 seconds. 
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Group# 2: samples were prepared exactly the same way as in group #lin terms of 
etching, light curing, and adhesive application but this time a mixture of TMOS 
and P&B NT adhesive was used in order to make more silica particles. The 
adhesive mixture, consisting of 1000µ1 P&B NT + 25µ1 H2O +25µ1 methanol 
+ 100µ1 TMOS was applied right after mixing (t=0 min reaction time) and left for 
20 sec, air dried 5 seconds and light cured for 10 sec. Finally Zl00 composite resin 
cylinder of 5mm in diameter was created by placing the uncured composite in a 
Teflon mold positioned on top of the dentin and curing for 30 seconds.and light 
cured. 
Group # 3: After acid etching, the SA primer was applied and allowed to dry for 
15 sec then the P&B NT adhesive was applied as described and light activated. 
Finally Z 100 composite resin cylinder of 5mm in diameter was created by placing 
the uncured composite in a Teflon mold positioned on top of the dentin and curing 
for 3 0 seconds. 
Group # 4: After acid etching a mixture of SA primer containing TMOS (1000µ1 
primer +100µ1 TMOS +25µ1 H2O+25µ1 methanol) was applied to the dentin 
surface and allowed to dry. This was followed with P&B NT application and light 
cunng. 
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The samples were then left in the desiccator for 24 hours. 
Shear bond test was conducted for all samples with the Instron Universal Tester 
with a 1 KN load cell and crosshead speed of 0.5mm/min. The plunger was placed 
in a position to come down vertically at the dentin/composite interface and the 
failure mode at the interface of each sample was evaluated. 
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Effect of adhesive monomer viscosity on bond strength 
Two groups of adhesive monomers were compared for shear bond strengths and 
failure modes. The first group consisted of low viscosity monomers and the 
second of high viscosity monomers. 
Group 1 was created with two sets of samples of low viscosity monomers: 
a) P&BNT 
b) 1000µ1 P&B NT+ 25µ1 H2O + 25µ1 methanol+ 100µ1 TMOS 
Group 2 consisted of three sets of samples of high viscosity monomers: 
a) 1000µ1 30/70 BisGMA/TEGMA + 300µ1 TMOS + 60/15 H2O/HC1 
+ 37.5µ1 methanol 
b) 1000µ1 40/60 BisGMA/TEGMA + 300µ1 TMOS 
+ 60/15 H2O/HC1 + 37.5µ1 methanol. 
c) 1000µ1 SA primer+ 1000µ130/70 BisGMA/TEGMA + 
300µ1 TMOS + 60/15 H2O/HC1 + 37.5µ1 methanol 
Dentin blocks were prepared by etching the dentin for 15 sec, then rinsing the 
surface for 10 sec. The surface was blotted dry and adhesive monomers was 
applied and left for 20 sec, air dried 5 seconds and light cured for 10 sec. 
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Finally Z 100 composite resin cylinder of 5mm in diameter was created by placing 
the uncured composite in a Teflon mold positioned on top of the dentin and curing 
for 30 seconds. The samples were then left in the desiccator for 24 hours. 
Shear bond test was conducted for all samples after they were left in the desiccator 
for 24 hrs.with the Instron Universal Tester as described in earlier section and the 
failure mode at the composite/dentin interface of each sample was evaluated. 
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Effects of TMOS content on bond strength 
Five groups of samples were prepared in order to see if the bond strength from 
shear bond tests are actually from TMOS content. Each group of adhesive in this 
section has a different TMOS content. 
Composition of adhesives applied were as follows: 
1. 1000µ1 pure P&B NT 
n=5 
2. 1000µ1 P&B NT+ (0 TMOS + 25µ1 methanol)+ 25µ1 H2O + 25µ1 methanol 
n=ll 
3. 1000µ1 P&B NT+ (50µ1 TMOS + 25µ1 methanol)+ 25µ1 H2O + 25µ1 methanol 
n=9 
4. 1000µ1 P&B NT+ (100µ1 TMOS + 25µ1 methanol)+ 25µ1 H2O+25µ1 methanol 
n=l0 
5. 1000µ1 P&B NT+ (200µ1 TMOS + 25µ1 methanol)+ 25µ1 H2O+25µ1 methanol 
n=ll 
Dentin blocks were prepared with the above adhesive compositions. Dentin was 
etched for 15 sec, then rinsed for 10 sec. The surface was blotted dry, followed by 
adhesive application and left for 20 sec, air dried 5 seconds and light activated for 
10 sec. 
28 
Finally Z 100 composite resin cylinder of 5mm in diameter was created by placing 
the uncured composite in a Teflon mold positioned on top of the dentin and curing 
for 30 seconds . 
Shear bond tests were performed as previously described by the Instron machine , 
and failure modes were analyzed and recorded. 
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SEM analysis ( verification of resin tags and nanoparticles) 
Dentin block samples were prepared with the same adhesive formulas as on page 
27 to perform SEM analysis. 
Dentin blocks were etched for 15 sec, then rinsing the surface for 10 sec. The 
surface was blotted dry. Adhesive was applied and left for 20 sec, air dried 5 
seconds and light cured for 10 sec. Finally 2100 composite resin cylinder of 5mm 
in diameter was created by placing the uncured composite in a Teflon mold 
positioned on top of the dentin and curing for 30 seconds. 
Samples were left in the desiccator for 24 hrs and then embedded in epoxy resin. 
All samples were then cut vertically and the surfaces were polished with an 
Ecomet 3 machine (Buehler) starting from the 70µ diamond disk going down to 
the 1 µ pad. Samples were dried in the desiccator, then sputter coated for SEM 
examination of the interface between the composite resin with the adhesive and 
dentin. 
4. Test the mechanical properties of the adhesive compositions 
(macrohardness) as function of acid content and TMOS content 
• Effect of acid content on hardness 
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Formulations were made to test the effect of pH (catalyst ) on surface hardness. 
-The following water /HCl concentrations were used : 50/0 , 40/10 , 30/20, 20/30, 
10/40, 0/50 
number monomer(ul) TMOS(ul) methanol(ul) water(ul) methanol(ul ) 1 .M_ HCl(ul) 
1 1000 200 25 50 25 0 
2 1000 200 25 40 25 10 
3 1000 200 25 30 25 20 
4 1000 200 25 20 25 30 
5 1000 200 25 10 25 40 
6 1000 200 25 0 25 50 
Table 1. Formulations used to test the effect of pH on surface hardness. 
- Monomer system composition: 
- Bis-GMA: 30wt % 
- TEGDMA : 70wt % 
-Camphorquinone (light activator): 0.5wt % 
-2-(N ,N-dimethylamino) ethylmethacrylate (accelerator): 0.52 wt% 
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To prepare the formulations , three small amber color bottles were used working 
under the fume hood. The first bottle contained 1000µ1 of monomer mixture ' 
30/70 Bis GMA/TEGDMA. 
The second bottle contained a mixture of 200~Ll Tetramethylorthosilicate (TMOS) 
as the precursor , and 25 µl of anhydrous methanol (keeping the first 2 bottles 
constant). While the· first two bottles were mixing with a magnetic stirrer bar 
placed on the high viscosity mixer , a mixture of carriers was prepared. Different 
concentrations of water were put in the third bottle. 25 µl anhydrous methanol and 
different concentrations of Hydrochloric acid (HCl) were added to the mixture of 
water and methanol. 
The last bottle was also mixed with a magnetic stirrer. After each bottle was 
mixed separately , they were combined. The contents of bottle 2 were added to the 
monomer and then bottle 3 was added to each new mixture that was made. The 
mixtures with magnetic stirrer bars were placed on the high viscosity mixer 
followed by sonication to avoid any bubbles for a total of five minutes. 
Each mixture was then transferred by a micropipette to plastic specimen holders 
having grooves 2mm deep, 4mm wide and 10mm long. The mixtures were cured 
for 30 to 40 minutes. 
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The Monomer mixture of 30/70 Bis-GMA/TEGDMA with no precursor or carrier 
was also cured in the specimen block holder for about 30 min. The samples were 
left for 24 hrs at the room temperature for full polymerization. 
After 24 hrs, blocks were polished with on a Buehler poliaher by using diamond 
discs from 70 to 1 µm, which yielded a smooth surface for the microhardness 
testing. After polishing, specimens were kept in a desiccator for 24 hrs to dry. 
A microhardness tester (Buehler) with Vickers indentor and 200 grams force load 
for 15 seconds was used to test the hardness of the desiccated specimens after 24 
hours. 10 indentations on each mixture sample were made. Samples were then 
placed back in the desiccator and microhardness was measured again after 48 hrs 
of desiccation. To check the effect of time and drying on hardness, mixtures of 
10/40 HCl/water were prepared three different times, placed in the blocks as 
described above and then cured, polished, and tested for microhardness with a 
Vickers indentor using 100 g force load for 15 sec after 24 and 48 hrs then at one 
and two weeks of desiccation. 
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• Effect of TMOS content on surface hardness 
The following formulations were made to test the amount of TMOS: 
. -Water/HCl concentrations were used based on the results of effect of acid content 
on hardness , H2O/HC1 of 40/ 10. 
Amount of TMOS (5 minute reaction time , 37C) 
monomer methano l water/HCI methanol total vdl .lMOS methanol water/HCI 
1 1000 0 0 0 0 1000 0.00% 0.00% 0.00% 
2 1000 100 12.5 25 12.5 1150 8.70% 2.17% 2.17% 
3 1000 200 25 50 25 1300 15.38% 3.85% 3.85% 
4 1000 300 37.5 75 37.5 1450 20.69% 5.17% 5.17% 
5 1000 400 50 100 50 1600 25.00% 6.25% 6.25% 
6 1000 500 62.5 125 62.5 1750 28.57% 7.14% 7.14% 
7 1000 600 75 150 75 1900 31.58% 7.89% 7.89% 
Table 2. Formulations used to test the effect of TMOS content on surface hardness. 
Different formulations were made with the same monomer system, each having 
different TMOS and methanol contents starting from 0 to 600~tl of TMOS, 
keeping the other two bottles (monomer and water/HCl 40/1 0+methanol) constant. 
Samples were prepared , cured and desiccated as explained in detail for the effect 
of pH in the last section. Microhardness measurements were done on the dried 
specimens after 24 and 48 hrs of desiccation. 
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RESULTS 
1. SEM & EDX analysis for Verification of the nanoparticles of P&B NT and 
Creation of nanoparticles (silica) in the new formulation 
SEM examination of P &B NT revealed that the smallest particle size measured 
was mostly between 40-80nm. There were also some agglomerations observed in 
the marked area on the stub. No particles were detected at the top supernatant 
layer on the stub. The EDX analysis of P&B NT results confirmed the particle 
existence by showing the high silica peaks , where the particles are located (figures 
1 and 2). 
SEM of the new formulation reveals also that the smallest particle size observed 
were mostly between 40-100nm. In addition , there were large agglomerations 
seen in the marked area on the stub. No particles were detected at the top 
supernatant layer on the stubs. The EDX analysis of the new formulation 
confirmed the particle formation by showing the high silica peaks , where the 
particles are located (figures 3 and 4). 
Fig 1. SEM micrograph of P&B NT particles 
Fig 2. EDX analysis of high 
silica peaks of P&B NT. 
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Fig 3. SEM micrograph of particles formation in the new formulation with TMOS. 
keV 
Fig 4. EDX analysis of silica peaks in the new formulation with TMOS. 
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2. Dentin shear bond test and failure analysis, and verification by SEM 
SEM observation 
Resin tags were observed by SEM for TMOS modified monomers (figs 7-10) in 
comparison with resin tags in non-modified monomers (P&B NT) (figs. 5 and 6) 
and the result shows that TMOS addition did not inhibit tag formation. TMOS 
modified resin tags look longer and more regular in the formula with 50 and 1 00ul 
TMOS in comparison with the zero and 200ul of TMOS. 
On the next following pages figures will represent the SEM analysis of P&B NT 
pure and modified. 
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Fig.5. SEM analysis ofresin-tags in hybrid layer of pure P&B NT (non-modified 
monomer) (magnification 1250x). 
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Fig.6. SEM analysis of resin-tags in hybrid layer of pure P&B NT (non-modified 
monomer)(magnification 2500x) . 
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Fig. 7. SEM analysis of resin-tags formation in hybrid layer of modified monomer 
of P&B NT+ 0 TMOS + H2O + methanol (magnification 2500x). 
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Fig.8. SEM analysis of resin-tags formation in hybrid layer of modified monomer 
of P&B NT+ 50 TMOS + H2O + methanol (magnification 2500x). 
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Fig.9. SEM analysis of resin-tags formation in hybrid layer of modified monomer 
of P&B NT+ (100µ1) TMOS H2O + methanol (magnification 2500x). 
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Fig.10. SEM analysis of resin-tags formation in hybrid layer of modified monomer 
of P&B NT+ (200µ1) TMOS H2O + methanol (magnification 2500x). 
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• Effect of mode of TMOS introduction on bond strength and failure 
mode 
Table.bellow presents the shear bond strength data in Mpa and the coresponding 
failure modes of tested adhesive resin formulas with and without a primer. The 
composite used with all groups was Zl 00 composite. 
Formulas Shear bond (MPa) Failure mode 
P&B NT 12.4+/-2.2 dentin 
P&B NT+TMOS 11.6+/-1.8 composite 
SA primer+ P&B NT 12.3+/-3.5 dentin 
(SA primer+ TMOS)+P&B NT 10.9+/-3.9 composite 
Table 3. The shear bond strength and the coresponding failure modes of tested 
adhesive resin formulas with and without a primer. 
1. No significant differences in shear bond strength was found among the tested 
groups (ANOV A, p>0.05) 
2. Dentin cohesive failure was observed with the control adhesives 
3. Composite cohesive failure was observed with experimental (in situ 
nucleation) adhesives 
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• Effect of monomer viscosity on bond strength 
Table bellow presents the shear bond strength data in Mpa and the coresponding 
failure modes of tested adhesive resin formulas with different viscosities. 
Formulas Shear bond(MPa) Failure mode 
P&B NT 12.4+/-2.2 dentin 
P&B NT+TMOS 11.6+/-1.8 composite 
30:70 BisGMA/TEGMA+ TMOS 5.5+/-1.7 Adhesive/dentin 
40:60 BisGMA/TEGMA+ TMOS 4.9+/-2.7 Adhesive/dentin 
SA primer+30:70 BisGMA/TEGMA+ TMOS 5.7+/-2.6 Adhesive/dentin 
Table 4. The shear bond strength and the coresponding failure modes of tested 
adhesive resin formulas with different viscosities. 
1. Significant difference in shear bond strength was found among the tested groups 
(ANOV A, p<0.05) 
2. BISGMA/TEGMA + TMOS combination exhibited significantly lower bond 
strength to dentin 
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Effect of TMOS Content on bond strength 
Table bellow presents the shear bond strength data in MPa and the coresponding 
failure modes persentages of tested adhesive resin formulas with different TMOS 
contents. 
Formulas strenght Failure mode % 
MPa adhesive dentin composite , 
P&B NT pure 12.4+/-2.2 10 90 
P&B NT+ 0 TMOS+H2O+methanol 13.9+/-3 50 50 
P&B NT+ 50ul TMOS+H2O+methanol 14.3+/-3.8 55 
P&B NT+ 1 00ul TMOS+H2O+methanol 11.4+/-3.5 30 
P&B NT+ 200ul TMOS+H2O+methanol 14+/-3 70 
Table 5. Tthe shear bond strength and the coresponding failure modes in 
persentages of tested adhesive resin formulas with different TMOS 
contents.(n=l0 per groups). 
1. No significant differences in shear bond strength among treatment groups 
(ANOVA, p>0.05) 
2. Dentin cohesive failure was observed with 90% of pure P&B NT samples. 
3. Composite failures , ranging from 30% to 70% were observed with the TMOS 
formulations. 
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3. Analyzing the reaction kinetics by FTIR verification 
FTIR = Fourier transform infra-red spectroscopy 
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Fig 11. The FTIR analysis of TMOS. 
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Fig 12. The FTIR analysis of TMOS and silica powder . 
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Fig 13. The FTIR analysis of P&B NT. 
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While determining how fast the reaction occurs in the mixture of P &B NT 
+ TMOS in 15 min increments on the FTIR machine, all the spectra's have 
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shown similar peaks with two identical prominent peaks, one at 1 712 and the other 
at 1084 wave numbers (the 1084 peak was close to TMOS peak). Looking at the 
peak heights at these time points, there is a peak height of around 50 (constant) 
measured at wave number 1712 but at peak wave number of 1084 the peak height 
decreases as the time increase. Looking at the ratio of this peak numbers over the 
other, the ratios are actually changing and by plotting the ratios over time at the 2 
wave numbers, it will show that the reaction without any catalyst is completed by 
30 minutes. 
Figure and tables bellow present FTIR analysis of reaction kinetics, and the plotted 
ratio of the heights of the two prominent wave numbers. 
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Fig 14. FTIR analysis of reaction kinetics. 
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t=0 51.2 35.6 0.69 
t=15 min 52.4 27.8 0.53 
t=30 min 54.1 21.5 0.39 
t=45 min 53.4 20.7 0.39 
t=60 min 50.2 19.9 0.39 
Fig 15. Histogram and plotted ratio of the heights of the two prominent wave 
numbers from the above FTIR analysis . 
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4. Mechanical testing: Surface hardness 
• Effect of acid content (water/Hcl ratio) on micro hardness 
(30:70 BisGMA:TEGDMA , 200 µl TMOS) 
(5 minute reaction time, 37°C) 
monomer(ul) TMOS(ul) methanol(ul) water(ul) 
1000 200 50 50 
1000 200 50 40 
1000 200 50 30 
1000 200 50 20 
1000 200 50 10 
1000 200 50 0 
1 M HCl(ul) mean Hv 200 
0 14 
10 13.3 
20 12.6 
30 13.7 
40 14.3 
50 13.2 
51 
sd 
1.1 
0.5 
0.1 
0.1 
0.2 
0.3 
Table 6. Mean values of formulations selected to use for the effect of acid content 
(water/Rel ratio) on microhardness . 
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Fig 16. Histogram demonstrating the effect of acid content (water/Rel ratio) on 
microhardness. 
Data suggests that , increasing acid does not change the hardness of these 
formulations. 
52 
• Effect of TMOS content on microhardness 
(30:70 BisGMA:TEGDMA , 40:10 H2O:HCl) 
Amount of TMOS (5 minute reaction time , 37C) % component Hv (100) Hv (100) 
monomer 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
TMOS methanol water/HCI methanol total vol TMOS methanol · water/HCI M/SD(24hrs)) M'SQ( 48hrs) 
0 0 0 0 1000 0.00% 0.00% 0.00% 16.8/0.3 
100 12.5 25 12.5 1150 8.70% 2.17% 2.17% 11.4/0.1 
200 25 50 25 1300 15.38% 3.85% 3.85% 10.4/0.2 
300 37.5 75 37.5 1450 20.69% 5.17% 5.17% 12.0/0.5 
400 50 100 50 1600 25.00% 6.25% 6.25% 14.2/0.2 
500 62.5 125 62.5 1750 28.57% 7.14% 7.14% 13.6/0.4 
600 75 150 75 1900 31.58% 7.89% 7.89% 15.1/1.2 
Table 7. Mean values of formulations used for the effect of TMOS on 
microhardness. 
The result of microhardness test has shown: 
Surface hardness increases as the amount of TMOS increases 
At a certain point the addition of more TMOS dose not further 
increase the hardness 
Higher TMOS content resulted m cracks after desiccation of the 
samples 
Hardness increases with desiccation 
Monomer specimens (30/70 wt% BIS-GAM/TEGDMA) , alone 
resulted in higher hardness as compare monomers with TMOS. 
17.0/0.4 
12.2/0.2 
11.1/0.3 
14.5/.05 
16.1/0.5 
15.9/0.7 
16.6/0.7 
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Effects of TMOS content on Hv100 
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Fig 17. Histogram demonstrating the effect of TMOS content and desiccation time 
on microhardness (The 24 and 48 hrs indicated on the chart represents the 
desication times) . 
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DISCUSSION 
An "ideal" dental adhesive would provide high bond strengths and would 
eliminate microleakage. Bond strength is more predictive of a material ' s retentive 
potential than its sealing ability (Monteiro et al., 1986). 
The current concept of dentin bonding involves the formation of a hybrid layer. 
This layer is formed when the dentin adhesive monomer is applied, and infuses 
into the demineralized dentin, which then polymerizes to form an interconnected 
"composite" with the dentin. 
Figure bellow is an SEM micrograph showing the dentin bonding interface. 
Fig 18. Hybrid Layer (Van Meerbeek et al. JDR 
1992) 
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The thickness of the hybrid layer varies between 0.5-7.5µm depending , in part , on 
the kind of acid that was used to etch the dentin as well as other factors. Prior to 
resin infusion in the hybrid layer , the width of the collagen fibers -which is 
approximately 100nm - and the intercollagen fiber distance , <20 nm, limits both 
particle size and particle distribution. 
Since this is a critical interface , numerous strategies have been proposed to 
strengthen this hybrid layer. It has been suggested that hybrid layer durability can 
be improved by adding filler particles to the monomers , but the requirement for 
low viscosity limits the filler volume fraction , and hence , mechanical properties. 
One strategy involves the use of filled adhesives. The addition of fillers can 
strengthen adhesive resin , reduce polymerization shrinkage , and reduce water 
sorption. 
Clinical studies that were done by Van Meerbeek et al. , 1994, and Alhadainy et al., 
1996 have proven that the use of filled adhesive has resulted to improved clinical 
performance. 
However , in the lab , the use of filled adhesives has not resulted in any 
improvement in shear bond strength as reported by Perdigao et al., 1999, or 
microtensile bond strength as examined by Armstrong et al., 1998. 
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There are challenges to using filled adhesives. The aim of this study was to 
simultaneously address these challenges by infusing the inter-collagen space with 
a mixture of organic monomers . and inorganic precursors , which would react and 
nucleate filler particles in situ , after uniform infusion and distribution . 
The objective of this study is to investigate the feasibility and identify which 
parameters govern this in situ nucleation approach. 
One challenge of usmg filled adhesive is viscosity , which limits particle 
concentration (and strength). Also the average distance between collagen fibers 
have been reported to be 20 nm in demineralized dentin (see figure on next page). 
But even with the utilization of nano particles , capillary transport limits particle 
distribution within the hybrid layer, which then results in non-uniform distribution 
and accumulation of nano particles on the outer most surfaces (see figure on next 
page). 
Intercollagen fibril space. 
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Capillary transport. 
Hypothesis: In situ nucleation of nanoparticles , after monomer infiltration , will 
improve particle distribution , strengthen the hybrid layer, and improve quality of 
the dentin bonding interface ( see bellow figure) 
monomer + precursors 
nucleation 
l 
polymerization 
Infusion , nucleation and uniform distribution of nanoparticles through out the 
intercollagen space. 
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If one can first infuse the intercollagen space with a liquid mixture of monomer 
and precursor , and then allow the liquid precursor to nucleate to form 
nanoparticles uniformly throughout the intercollagen spaces, uniform distribution 
will be achieved . 
The approach taken is limited by the nucleation chemistry and reaction 
temperature for dentin bonding. The selected chemistry occurs fast enough at the 
physiological temperature. Following are five steps to the approach of infusion/in 
situ nucleation: 
1. Mix organic adhesive monomers + inorganic precursors 
2. Infuse the mixture into demineralized dentin 
3. Hydrolysis 
(monomers) 
Si(OR)4 + Ir/OH-
4. Condensation and nucleation 
+ HO-Si 
5. Free radical polymerization 
" 
--si-O-Si 
/ 
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This approach has not been studied or attempted before with dental monomers , so 
the objectives for this project was to first determine the feasibility of nucleation 
reaction with dental adhesive monomers , and then - because so little is known 
about this process - determine the effect of compositional variables which would 
effect the kinetics of the chemical reaction. 
The compositional variables include: 
• acid content 
• monomer composition 
• TMOS content 
• water/carrier ratio 
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• Common adhesive monomers 
There are two groups of organic monomers: adhesive and pnmer monomers. 
Adhesive being the most popular in the system, many of them have functional 
groups (hydroxyl groups), which are expected to allow these monomers 
themselves to participate in the nucleation reaction. 
1. Adhesive monomers: 
BisGMA=Bisphenol-A-glycidyl dimethacrylate 
TEGDMA = triethylene glycol dimethacrylate 
UDMA = diurethane dimethacrylate 
PENT A = dipentaerythritol pentacrylate phosphate 
2. Primer monomers: 
HEMA = 2-hydroxyethyl methacrylate 
MASA= N-methacryloyl 5-Aminosalicylic acid 
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• Metal alkoxide precursors 
There are many precursors available but the intent was to choose precursors that 
are already used in biomaterials such as: Silica, Titania , Zirconia and Alumina. 
Among the metal alkoxides, the Ti and Zr precursors are much more reactive than 
silica , therefore if the feasibility can be demonstrated with silica, the Ti and Zr 
precursors will have no problem going through the process of in situ nucleation 
reaction. Silica was chosen since it is in the middle in terms of reactivity. 
Si(OR)4 << Ti(OR)4 < Zr(OR)4 
• Additives 
There are common additives used. which have already been used in commercial 
dental adhesives such as: 
ethanol/methanol= carrier 
camphorquinone = initiator 
2-(N,N-dimethylamino) ethylmethacrylate = acceleratorals 
62 
Monomers with acidic functional groups (methacrylic acids, carboxylate acids, 
etc.) were mixed with metal alkoxides (tetramethyl orthosilicates , etc.), methanol , 
and water. The formation of silica bonds during the reaction was confirmed both 
by scanning electron microscopy (SEM), and Fourier transform infra-red 
spectroscopy (FTIR) . The two spectra generated by FTIR analysis demonstrated 
that even without any catalysts , the reaction can occur in 30 minutes. Addition of 
a small amount of acid catalyst can greatly accelerate the reaction. 
The relative influence of pH, monomer reactivity , metal alkoxide contents , and 
water: alcohol ratio , on mechanical properties were evaluated by microhardness 
and shear bond testing. 
In order to evaluate how much acid or base should be added, experiments were 
conducted by adding acids not only to examine the speed of the reaction rates, but 
also to determine what acid will do to the mechanical properties. The results 
proved that increasing the amount of acid does not really change the hardness of 
these formulations. Therefore the use of high quantities of acid to promote a 
suitable reaction or to attain improved mechanical properties was not necessary. 
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While testing the effect of TMOS content on hardness , it was discovered that the 
reaction was much more dependent on TMOS than acid. At low TMOS content, 
the microhardness was much lower than high TMOS content. However , at a 
certain point the addition of more TMOS did not further increase the hardness. 
Reinforcement of the hybrid layer against monotonic stress was evaluated by 
dentin shear bond test followed by failure analysis of fracture surfaces and also by 
SEM and EDX analysis. As a positive control, the filled commercial adhesive 
Prime and Bond NT (P&B NT) (Densply Caulk) was used. 
Shear bond tests were performed on four different sets of samples , which were 
prepared as dentin blocks to evaluate the failure mode of the composite and dentin 
with an Instron machine. 
Two different groups were prepared. One group used adhesive without a primer 
and the other group adhesive with a primer. The primer was a SA primer which is 
a salicylic acid monomer called 5-MASA. For half of the first group (Adhesive 
without primer) samples were used with commercial adhesive P&B NT alone and 
on the second half , a mixture ofTMOS and adhesive P&B NT was used in order to 
make more silica particles and to compare the failure mode. 
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The second group (adhesive with primer) was also subdivided. P&B NT was used 
once with primer alone and then with a mixture of primer and TMOS. 
Results indicated that there was no statistical difference in shear bond strength 
among treatment groups (ANOVA, p>0.05). In both cases dentin cohesive failure 
was observed only with the control adhesives. Composite cohesive failure was 
observed only with experimental (in situ nucleation) adhesives. As the results 
indicate there were similarities in shear bond strength but differences in failure 
analysis. 
Our current explanation is that measuring average shear stress does not represent 
the true stresses within dentin. De Hoff et al., in 1995 has demonstrated by finite 
element analysis that during dentin shear bond testing the mechanics of the test 
produces a non-uniform local peak stress which can be as high as ten times greater 
than the measured averaged shear stress. This results in dentin pull-out , and is the 
reason why dentin pull-out should not be confused with a strong adhesive. The 
most interesting element is that the addition of precursors resulted in no dentinal 
failure, suggesting that the stresses along the interface are transferred into the 
composite restoration. (Refer to figure on the next page) . 
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Fig 19. Finite element analysis: Non-uniform stress distribution along interface 
(DeHoff et al. J Dent Mat 1995). 
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In terms of limitations of this approach the effects of monomer viscosity on failure 
mode was analyzed. Two groups of monomers were compared in terms of shear 
bond and failure modes. The first group was the low viscosity monomers and the 
second, were high viscosit y monomers. The two sets of samples of P&B NT and 
P&B NT with TMOS were considered the low viscosity monomers . The three sets 
of samples of high viscosity monomers were 30/70 BisGMA/TEGMA + TMOS; 
40/60 BisGMA/TEGMA+TMOS and NMSA primer+30/70 BisGMA/TEGMA + 
TMOS. The results indicated that there were significant differences in shear bond 
strength among treatment groups (ANOV A, p<0.05). BISGMA/TEGMA + TMOS 
combination exhibited significantly lower bond strength to dentin because they did 
not penetrate the demineralized dentin due to their hydrophobic properties. 
Even with primer, the high viscosity monomer (hydrophobic) apparently failed to 
infuse. 
M. Miyazaki in 1995, investigated the influence of adding filler particles to a 
bonding agent on dentin bond strength, and the influence of the temperature 
change during curing in order to determine the optimum filler level for an 
experimental bonding agent. To achieve a good bond between resin composite and 
dentin, it is important for the bonding agent to penetrate into dentin substrate. 
67 
The more viscous and thicker bonding agents may contain internal voids which 
would diminish the bond strength. When Miyazaki observed the failure mode , he 
suggested that the failure patterns of shear bond strength specimens were 
dependent upon the filler level of bonding agents. The failure pattern for 0, 10, 
and 20 wt% filler presented cohesive failure within the dentin and resin 
composites in several cases. Above 30 wt% filler levels , most of the fractures 
were adhesive failure at the dentin surface. The results of current study indicated 
that most of the fractures were adhesive failure at the dentin surface. 
The hypothesis is that addition of TMOS and reinforcement of the hybrid layer 
resulted in changes in material property of the hybrid layer with the stress now 
being transferred back across the interface into the composite, eliminating dentin-
pullout. In the future a cyclic loading test needs to be done in order to see if there 
is improvement in the long-term durability of the interface. 
In order to evaluate the effect of TMOS content , five groups (listed below) of 
composite dentin block samples were prepared to see if the bond strengths from 
shear bond tests are actually from TMOS content: 
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Shear bond tests were performed on the samples and the failure modes were then 
compared. The results indicated that there is no statistical difference in shear bond 
strength among treatment groups (ANOV A, p>0 .05). Dentin cohesive failure was 
observed with 90% of pure P&B NT samples. Composite failures , ranging from 
30% to 70% were observed with the TMOS formulations. 
Addition of 50-1 00ul TMOS reinforces dentin and more composite cohesive 
Higher bond strength of the adhesive system could be attributed to the penetration 
of resin into the etched dentin tubules forming resin tags. 
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CONCLUSIONS 
1. Addition of nanoparticles to P&B NT had no significant effect on dentin shear 
bond strength. 
2. In situ nucleation reactions can occur in common dental adhesive monomers and 
the reactions can occur in a clinically relevant time scale. 
3. TMOS content has a significant effect on increasing microhardness of the 
cured resin adhesive (p<0.05). 
4. Dentin cohesive failure was observed for non-modified monomers (P&B NT). 
5. Composite cohesive failure was observed with TMOS-modified monomers. 
6. Adhesive failure was observed when monomer viscosity was too high or 
TMOS content was too high. 
7. Existence of nanoparticles (silica) in TMOS modified resin was verified by 
EDX. 
8. TMOS addition did not inhibit tag formation. 
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